Abstract-The morphology and ultrastructure of modern and fossil spores were investigated using light, scanning, and transmission electron microscopes. We grouped spores into two groups according to ultrastruc tural features and sculptures of sporoderm: 1-exospore of Anemia and Klukia form the echini of sculpture; 2-exospore of Lygodium is smooth and perispore forms sculpture.
INTRODUCTION
Schizeaceae is a morphologically diverse and ancient group of ferns, which in the past were widely distributed around the globe. This is evident by the numerous finds of prints of their leaves and spores in the sediments of the Jurassic and Cretaceous (200-65 million years ago) periods. Currently, Schizeaceae are mainly found in tropical areas, and only a few spe cies can be found in more northern regions. [1] Traditionally, the five recent genera that compose the group are: Anemia Sw., Lygodium Sw., Mohria Sw. and Schizaea Sm., Actinostachys Wallich [2] . The larg est of these genera are so varied by type of nervuration, the structure of the conducting system of rhizomes, and other features that in the past they were sometimes viewed as separate families, which has since been con firmed by modern molecular phylogenetic studies [3] . Thus, the order Schizaeales includes three families: Lygodiaceae M: Roem., whose only extant genus is Lygodium; Schizaeaceae Kaulf., with two extant gen era Actinostachys and Schizaea; Anemiaceae Link, whose only extant genus is Anemia, which include spe cies previously attributed to Mohria.
Investigation of external and internal structure of spores having taxonomically significant features is important for the identification of phylogenetic rela tionships and taxonomy of ferns. Spores are barely affected by environmental conditions during plants' lives and they are well preserved in sediments, which gives the opportunity to link modern and fossil tax ones. However, the establishment of a systematic proximity of spores scattered in rocks, which often belonging to extinct plants, with spores of taxones of natural systems is difficult. Paleopalynologists study ing ancient spores and pollen from plants are often forced to use an artificial classification, referring the palynomorphs into form genera. However, the study of in situ spores isolated from sporangia of fossil ferns allows the establishment of their systematic position.
Despite the common features in the structure of sporangia, the morphology of both modern and fossil members of the Schizeaceae group is very diverse. Thus, representatives of Schizaea with bean shaped forms of monolete spores have ribbed or knobby sculp ture. Trilete spores of Mohria and Anemia have a ribbed sculpture and spores of genus Lygodium have a smooth and lumpy sculpture, but there are species with reticu lar sculptures in each of these three types. Amongh extinct genera with trilete spores, a reticular sculpture is characteristic for one of the most ancient represen tatives of the family-genus Klukia Raciborski [4] . The study of modern and fossil spores using the latest techniques (primarily electron microscopy) helps us to understand the phylogenetic relationships of genera and species of the family [1, 4] .
The goal of the present work was the detailed study of spores of some modern species of genera Anemia, Lygodium, Schizaea, and in situ spores of the fossil genus Klukia for determination of their morphological characteristics.
MATERIALS AND METHODS
The materials for the investigation were spores from herbarium collections available to the authors: six species of genus Lygodium (L. scandehs (L.) Sw., Recent spores for light microscopy were subjected to acetolysis according to standard methods [5] . For scanning electron microscope (SEM) studies, spores were taken from dry herbarium materials. Spores with out special treatment were stuck onto metal tables, which were deposited with gold in a vacuum appara tus. The investigation of the material and photograph ing of spores was performed using the Camscan SEM in the Electron Microscopy Laboratory, Biological Faculty, Moscow State University. Sections of spores prepared by standard methods [6] were examined and photographed using the TEM (JEM 100 B and JEM 1011) in the same laboratory. The processing of fossil spores and the preparation of permanent glycol gelatin samples were carried out using standard methods [7] . Final samples were inves tigated by light microscopy (LM) using an Axioplan 40 in an immersion fluid with a magnification x2000 in the Center for Collective Use (CCU), Institute of Biology and Soil Science, Far Eastern Branch, Rus sian Academy of Sciences. For the SEM study, we treated fossil spores with alkali and, using the needle under a Leica stereomicroscope, transferred them onto metal tables that had been deposited with gold. The study of micromorphology of spores was carried out using an SEM Zeiss EVO 40 (CCU, Institute of Biology and Soil Science, Far Eastern Branch, Rus sian Academy of Sciences). Fossil material was pre pared by standard methods [6] for transmission elec tron microscopy. Ultrathin sections were obtained using an ultratome Leica EM UC5, and sections were contrasted with aqueous uranyl acetate. Sections were investigated and photographed using JEM 100 B and JEM 1011 transmission microscopes in the Electron Microscopy Laboratory, the Biological Faculty, Mos cow State University.
Spores were described using the terminology pro posed by L.A. Kupriyanova and L.A. Aleshina [8] RESULTS AND DISCUSSION The internal and external structures of spores of some modern members of the family Schizeaceae were studied in detail [9] . The most interesting results were obtained using the same approaches for a com prehensive study of modern and fossil spores of the same family.
Investigation of modern spores by LM, SEM, and TEM allowed revealing their characteristics (table) . Spores of modern Anemia are triradial, have equato rial diameters of 50-63 microns, ribbed sculptures, and there are long spikes on the edges (table , Figs. 1b,  1e, 1f, 1i) . Spores of Lygodium are triradial, have equa torial diameters of 79-107 microns, verruca are wide, smooth, and hemispherical (table, Figs. 1a-1d, 1h) . Spores of Schizaea are bilaterally symmetrical, mono lete, and have equatorial diameters of 51-53 microns (table, Fig. 1g ). TEM research showed that the sporo derm of genus Anemia consists of a thin electron dense granular perisporiya and homogeneous, elec A detailed LM and SEM study of the morphology of spores of K. tyganensis made by the authors prompted an update of the description by Krasilov. Thus, the information about the variability of spore sizes (equatorial diameter is 38.8-63.9 microns, polar diameter is 35-53.7 microns), thickness of sporoderm (1.9-3.1 microns), size of papillae (height is 0.3-2.8 microns, diameter is 0.8-5.5 microns), and proxi mal surface (Figs. 3a-3c ) was added. For the first time, information about the ultrastructure of sporo derm was obtained based on the results of the study of spores by TEM, (Figs. 3d-3e) . It was established that spores have a very thin, electron dense, layered, and small granular perispore with thickness which varied from 0.05 to 0.4 microns, which was often marked by thin discontinuous sites. Exospores were electron dense and homogeneous with high emergences and their thickness in emergences is 2.0-2.8 microns; the thickness between emergences is 0.3-0.7 microns.
A comparative analysis of the morphology of spores of the two species of the genus Klukia-K. tyganensis and K. exilis (Phill.) Racib-from more ancient Mid dle Jurassic deposits in Yorkshire [11] and Caucasus [12] performed by LM and SEM did not reveal signif icant differences. This demonstrates the stability of the morphological features of spores of this fern genus. According to V.A. Krasilov [4] , based on the mor phology of spores, genus Klukia is related to the extant genus Lygodium with a mostly lumpy or reticulate sculpture, and this genus is separated from genera Anemia, Mohria, and Schizaea that have verrucate sculptures. A similar conclusion was drawn by Suvorova [13] based on the similarity of sculpture of the extant Lygodium reticularum Schkuhr and fossil genus Klukia.
Ultrastructural studies of sporoderm by TEM allowed us to combine the studied spores based on the specifics of formation of sculpture into two groups: sculpture formed by exospores in the species of genera Anemia and Klukia, while the sculpture formed by perispory in the species of genus Lygodium. Based on the ultrastructure of sporoderm, spores of Klukia tyga nensis and Anemia (A. dregeana, A. phyllitidis) are sim ilar according to structure of exospores, are homoge neous, and are electron dense with high outgrowths. They are different in these genera only by height of emergences (emergences are higher in spores of Ane mia). Representatives of both genera have either thin, granular, or lamellaris perispore that cover the spore outside. Exospores form the ultrasculpture of spores of genus Schizea [14] . In representatives of genus Lygo dium (L. scandes, L. volubile, L. Polystachium, L. japonicum, L. conforme, L. flexuosum) the sculpture of spore surfaces are formed by trilaminar perispore and the exospores are thick, homogeneous, and with smooth surfaces.
The sculpture of the surface of the sporoderm formed by perisporie is characteristic for some modern ferns of different groups, for example for Adiantopsis Fee, Hemionitis Linnaeus (Pteridaceae Kirchner), Alsophila Brown, Sphaeropteris Brown ex Wallich, Nephelea Tryon (Cyatheaceae Kaulfuss), Dennstaedtia Bernhardi (Dennstaedtiaceae Ching), Selliguea Bory (Polypodiaceae J. Presl et C. Presl) [14] . This type of formation of sculpture is not unique and occurs in dif ferent orders of ferns.
Thus, it was established that spores of K. tyganensis are the closest to the spores of the extant genus Anemia based on the ultrastructure of sporoderm, while the spores of genus Lygodium are different not only from the spores of genus Klukia but also from the spores of other members of order Schizeaceae. Probably, we observed an ancient divergence of the group, dating back to the beginning of the Jurassic period [4] .
